ABSTRACT Constant current electrolysis of polyfluoroarenes in DMF containing 0.1 mol dm −3 Bu 4 NBF 4 in the presence of carbon dioxide by using a one-compartment cell equipped with a Pt cathode and a Mg anode at −40°C resulted in reductive cleavage of a C-F bond of the phenyl ring followed by reaction with carbon dioxide in highly regio-and chemoselective manners to give the corresponding mono-carboxylated products, polyfluorobenzoic acids, in moderate to good yields.
Introduction
Since carbon dioxide (CO 2 ) is abundant, economical, and nontoxic and has a great potential as an environmentally benign C1 chemical source for organic synthesis, fixation of carbon dioxide in organic molecules has been an attractive project in organic synthesis. 1 Electrochemical reduction 2 in the presence of carbon dioxide has contributed greatly to this area because it enables efficient fixation of carbon dioxide in organic molecules even under atmospheric pressure of carbon dioxide when a reactive metal, such as magnesium or aluminum metal, is used as a sacrificial anode. 3, 4 There have been a number of reports on electrochemical fixation of carbon dioxide, and we have also reported synthesis of useful carboxylic acids by electrochemical carboxylation of various organic compounds. 5 During the course of our continuous studies on the synthesis of useful carboxylic acids by electrochemical fixation of carbon dioxide, we recently found that electrochemical reduction of polyfluoroarenes in the presence of carbon dioxide resulted in a regio-and chemoselective cleavage of a C-F bond of the phenyl ring followed by reaction with carbon dioxide to give the corresponding mono-carboxylated products, polyfluorobenzoic acids, in moderate to good yields. Although synthesis of pentafluorobenzoic acid in 34% yield by reaction of pentafluorophenylmagnesium fluoride, prepared from hexafluorobenzene and magnesium anthracene (MgC 10 H 14 ) in THF, with carbon dioxide has been reported, 6 to the best of our knowledge, this is the first example of electrochemical carboxylation of polyfluoroarenes. We report herein the results for electrochemical carboxylation of polyfluoroarenes yielding the corresponding polyfluorobenzoic acids.
Experimental
Polyfluoroarenes 1ad were commercially available and used without further purification. Pentafluorophenyl acetate (1e) 7 was prepared in 83% yield from commercially available pentafluorophenol by reaction with acetyl chloride in the presence of triethylamine in CH 2 Cl 2 according to a standard procedure. THPprotected polyfluoroarene 1f 8 was prepared in 98% yield from commercially available pentafluorobenzyl alcohol by reaction with 3,4-dihydro-2H-pyran in the presence of p-toluenesulfonic acid monohydrate in CH 2 Cl 2 according to a standard procedure. 
Results and Discussion
First, we screened reaction conditions for electrochemical carboxylation of hexafluorobenzene (1a) as a substrate, and the results are shown in Table 1 . When constant current electrolysis (10 mA cm ¹2 ) of 1a was carried out in DMF using a onecompartment cell equipped with a Pt cathode and an Mg anode with 3 F mol ¹1 of electricity in the presence of carbon dioxide at 0°C, reductive cleavage of a C-F bond on the phenyl ring followed by reaction with carbon dioxide took place to give pentafluorobenzoic acid (2a) in 26% 19 F NMR yield, determined using fluorobenzene as an internal reference, along with several carboxylic acids (entry 1). In contrast to the results for entry 1, when similar electrolysis of 1a was carried out at ¹20°C, the yield of 2a increased to 54% and tetrafluoroterephthalic acid (3a) was observed as a byproduct in 19 F NMR (entry 2). Similar electrolysis at ¹40°C resulted in a slight increase in the yield of 2a to 63% (entry 3). The use of acetonitrile, instead of DMF, as a solvent resulted in a decrease in the yield of 2a (entry 4). Finally, 2a was obtained in 73%
19 F NMR yield along with 3% of 3a by electrolysis of 1a at ¹40°C with 5 mA cm ¹2 of current density (entry 5). After recrystallization with hexane and acetone, pentafluorobenzoic acid Electrochemistry Received: December 7, 2012 Accepted: February 12, 2013 Published: May 5, 2013 The Electrochemical Society of Japan http://dx.doi.org/10.5796/electrochemistry.81.380 JOI:DN/JST.JSTAGE/electrochemistry/81.380 (2a) was obtained in 65% isolated yield as a pure product. Electrolysis at a lower temperature, ¹60°C, resulted in a decrease in the yield of 1a (entry 6). It is noteworthy that a mono-carboxylation product, 2a, was predominantly obtained and di-and polycarboxylated products were scarcely obtained under these conditions.
We next investigated similar electrochemical carboxylations of several polyfluoroarenes, and the results are shown in Table 2 . When pentafluorobenzene (1b) was subjected to the present electrochemical carboxylation under the same conditions as those for entry 5 in Table 1 , C-F bond cleavage followed by carboxylation also took place efficiently and highly regioselectively at the C3 position of 1b to give 2,3,5,6-tetrafluorobenzoic acid (2b) in 78% 19 F NMR yield and 66% isolated yield after recrystallization with hexane and acetone. It is also noteworthy that neither polycarboxylated products nor regioisomers of carboxylic acids, such as 2,3,4,5-or 2,3,4,6-tetrafluorobenzoic acids, were obtained. These results indicate that electrochemical reduction of the C-F bond of 2b proceeded in both highly regio-and chemoselective manners under these conditions. Similar regio-and chemoselective electrochemical carboxylation was also achieved when pentafluorotoluene (1c) was used as a substrate. Under the same conditions, electrochemical carboxylation of 1c gave 2,3,5,6-tetrafluoro-4-methylbenzoic acid (2c) in 84%
19 F NMR yield and 76% isolated yield after recrystallization with hexane and acetone. In this case, neither polycarboxylated products nor regioisomers of carboxylic acids were obtained. These results indicate that electrochemical carboxylation of 1c, as well as 1b, took place in highly regio-and chemoselective manners. On the other hand, when 2,3,4,5,6-pentafluoroanisole (1d) was subjected to the present electrochemical carboxylation, the expected 2,3,5,6-tetrafluoro-4-methoxybenzoic acid (2d) was obtained in 44%
19 F NMR yield along with several carboxylic acids as byproducts. When reactions were carried out at a lower temperature, ¹60°C, with 3 and 5 mA cm ¹2 of current density, 1d was also obtained in 49% and 43%
19 F NMR yield, respectively, along with several carboxylic acids. Unfortunately, attempts to isolate 2d by recrystallization failed. Efficient carboxylation, however, also took place in highly regio-and chemoselective manners when pentafluorophenyl acetate (1e) was subjected to the present reaction at ¹60°C with 3 mA cm ¹2 of current density to give 4-acetoxy-2,3,5,6-tetrafluorobenzoic acid (2e) in 61%
19 F NMR yield and 55% isolated yield after recrystallization with hexane and acetone.
We next tried electrochemical carboxylation of THP-protected pentafluorobenzyl alcohol 1f, and the results are shown in Scheme 1. THP-protected polyfluoroarene 1f was readily prepared from pentafluorobenzyl alcohol in 98% yield by reaction with 3,4-dihydro-2H-pyran in the presence of a catalytic amount of p-toluenesulfonic acid. Electrochemical carboxylation of 1f at 5 mA cm ¹2 of current density with 2 F mol ¹1 of electricity also took place regio-and chemoselectively to give 2,3,5,6-tetrafluoro-4-hydroxymethylbenzoic acid (2f ) in 70% 19 F NMR yield and 57% isolated yield after recrystallization. The tetrahydropyran-2-yl group of the product was hydrolyzed and removed by an acid treatment during work-up after the electrolysis.
Plausible reaction pathways are shown in Scheme 2. At the cathode, one-electron reduction of polyfruoroarene 1 would occur to generate the corresponding radical anion of 1. Elimination of a fluoride ion from thus-generated radical anion followed by further one-electron reduction would generate aryl anion species A-p.
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Fixation of carbon dioxide to A-p gives carboxylate ion B. On the other hand, at the anode, dissolution of a magnesium metal takes place to give magnesium ion. Carboxylate ion B would readily capture magnesium ion in the reaction medium to give salts C and/ or D, which upon an acid treatment give polyfluorinated benzoic acid 2.
Although the reason for the highly regioselective carboxylation in the present electrochemical carboxylation is not clear at the F NMR using fluorobenzene as an internal reference. Isolated yields by recrystallization are shown in parentheses. a) Reaction was carried out at ¹60°C with 3 mA cm ¹2 of current density. Electrochemistry, 81 (5), 380382 (2013) present stage, one plausible explanation is inductive effects of fluorine atoms attached to the phenyl ring. In polyfluoroarenes 1bf, there are three kinds of C-F bonds of which a reductive cleavage can occur by electrochemical reduction to generate aryl anion species. Among them, the C-F bond at the para-position of the substituents of H, CH 3 , OAc and CH 2 OR, in other words the C-F bond located in middle of five C-F bonds, would receive the largest inductive effects from the neighboring fluorine atoms. Therefore, electrochemical reduction resulting in cleavage of a C-F bond would occur at the para-position in 1bf to generate the corresponding aryl anion species regioselectively. Similar results in electrochemical reduction of pentafluorobenzene in DMF affording 1,2,4,5-tetrafluorobenzene were also reported. 12 On the other hand, thus-generated aryl anion A-p would also be stabilized more strongly than other possible aryl anion species A-o and A-m by inductive effects of two fluorine atoms at both sides of the ortho-positions and two fluorine atoms at both sides of the metaposition (Scheme 3). These stabilizations induced by inductive effects of neighboring fluorine atoms would also be the reason for regioselectivity.
Conclusion
We successfully carried out electrochemical fixation of carbon dioxide into polyfluroarenes regio-and chemoselectively to yield polyfluorobenzoic acids in moderate to good yields. Further extension of the scope and the reaction mechanism, especially regarding regioselectivity and effects of the number and position of fluorine atoms on the phenyl ring, are under investigation. 18.7, 25.2, 30.1, 55.8, 61.6, 98.4, 111.4111.8 (1C, m), 135.9147.1 (5C, m) . Scheme 2. Plausible reaction mechanism in the present electrochemical carboxylation. Electrochemistry, 81 (5), 380382 (2013) 
